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ELECTRODE SUBSTRATE FOR ELECTROCHEMICAL CELLS BASED ON 
5 LOW-COST MAIVUFACTURING PROCESSES 



Field of the Invention 

10 

This invention relates to electrode substrates for electrochemical cells, particularly polymer 
electrolyte membrane fuel cells (PEMFC) and Phosphoric Acid Fuel Cells (PAFC), and 
processes for their production. 

15 

Background of the Invention 

A fuel cell converts fuel, such as hydrogen, and an oxidant, typically oxygen, to electricity 
and reaction products. This electrochemical reaction is facilitated by electrocatalysts, 
20 typically from the platinum group. 

Fuel cells typically are constituted of tinits, as shown in Fig. 1, called single cells 1, 
comprising an electrode assembly 1 ' where a membrane or electrolyte layer 2 is sandwiched 
between two electrodes 3 and 4, individually referred to as anode 3 and cathode 4. These 
25 electrodes are typically flat and have at least two parallel surfaces, the membrane or 
electrolyte layer 2 being positioned between these surfaces of the two electrodes. 

Each of the electrodes 3 and 4 is composed of a porous conductive electrode substrate 3* and 
4\ usually made of carbon fiber paper or carbon cloth, and a thin electrocatalyst layer 3" and 
30 4", preferably comprising finely divided platinum or other noble metal catalysts. 

When using hydrogen as fuel, the fuel gas is oxidised at the anode 3 yielding protons and 
electrons. The former migrate through the membrane layer 2 from the anode to the cathode 
4, while the electrons are transported through an external circuit to the cathode 4. At the 
35 cathode 4, oxygen is reduced by consumption of two electrons per atom, to form oxide 
anions which enter the electrolyte layer and react with the protons that have crossed the 
electrolyte layer to form water. As shown in this Fig. 1, separator plates S and 6 which are 
adjacent to the electrodes 3 and 4, may incorporate grooves 8 and 9 on the surfaces opposite 
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to the electrodes pro^mg access for the fuel and oxidant to the electrodes. The separator 
plates 5 and 6 can be covered with current collector plates 7 and T usually made of metal 
which also act as conductive connection between two adjacent single cells. 

PEMFC generally employ a membrane electrode assembly (MEA, 1') as single cell 
.comprising a thin polymer membrane 2 with high proton conductivity placed between two 
electrode sheets 3 and 4. PAFC single cells are typically constituted of a thin phosphoric 
acid containing matrix layer 2 sandwiched between the two electrodes 3 and 4. 



10 The electrodes 3 and 4 mainly comprise of an electrically conductive Eind chemically inert 
electrode substrate (ES) 3' and 4' and an electrocatalyst layer (3" and 4'') facing the 
membrane or electrolyte 2. The ES has a porous structure to provide an efficient entry 
passage and planar distribution for the fuel and oxidant to the catalyst layers 3" and 4" as 
well as an exit for the reaction products away from the catalyst layer. It also features other 

15 important properties such as high electrical conductivity, chemical stability, mechanical 
strength, and homogeneity. 

As is shown in Fig. 1, it is advantageous to separate the functions of providing access and 
distributing fiiel and oxidant (established by the grooves 8 and 9 in the separator or 

20 distributor plates 5 and 6 in Fig. 1) and the support of the catalyst layer 3" and 4" by the 
electrode substrates 3' and 4'. The separator or distributor plates 5 and 6 are usually made 
of metal or other conductive materials as they shall also serve to collect the current. They 
incorporate grooves 8 and 9 or other means of distribution of liquids or gases. These 
separator plates are stacked on the electrode substrates on the side opposite the electrolyte 

25 layer 2. 

Cuirent can be collected in the distributor or separator plates (as mentioned above), or in 
separate current collector plates which can be a solid metal sheet if they form the outer part 
of the assembly, or can be a mesh or porous conductive plate if they are stacked between the 
30 fuel feed and the electrodes (between 4 and 6, or between 3 and 5, in an assembly as 
otherwise shown in Fig. 1). It is also possible to combine the separator plates and current 
collector plates. 

Since various gases and liquids have to permeate through the ES, high porosity is a 
35 preferable feature of an ES. At the same time, the pore size distribution needs to be adjusted 
to the general characteristics of a practical fuel cells. The grooves in the electrode substrates 
provide a very coarse distribution of fuel and oxidant. These need to be evenly transported 
and finely distributed to the catalyst layer through the ES. Furthemiore, various types of 
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gases and liquids havWo be transported through the ES which requires fine-tuning and 
adaptation of the ES porous network. Hence, adjusting the degree of porosity as well as pore 
size and its distribution of an ES is important for the performance of a fuel cell. 

Equally important is the through-plane (perpendicular to the large surface) electrical 
conductivity of the ES since they provide a conductive path between the catalyst layer and 
the separator or cxirrent collector plates. A low electrical conductivity can result in 
substantial power losses of the fiiel cell. Usually, high porosity of an ES has to be balanced 
against improved through-plane conductivity or vice versa. 

Mechanical properties of ES play an increasingly important role for the production of 
commercial fuel cells since the ES are being handled by automatic equipment, and product 
integrity determines the commercial success of fuel cells. 



15 In the light of fuel cell commercialisation efforts, ES are also required to be processable as a 
continuous roll material. This allows the application of industrial scale processes for the 
catalyst layer deposition and other required manufacturing steps. 

Furthermore, a continuous roll ES provides high homogeneity and product uniformity in 
20 comparison with ES produced in a batch-mode. 

Commonly used ES materials for fuel cells include carbon fibers (papers, felt, and woven 
cloth), metal fibers (mesh or gauze), and polymers (gauze filled with carbon materials). 

25 A carbon fiber paper ES is usually made in such way that the carbon fibers are aligned 
mainly in planar direction. Due to the high anisotropy of carbon fibers, the in-plane 
conductivity of such carbon fiber paper is high but through-plane conductivity is poor. Such 
carbon fiber paper can be rendered suitable as ES for fuel cells if it is manufactured using a 
carbonisable binder followed by carbonising this product at high temperatures to achieve 

30 satisfactory through-plane conductivity (cf. US Patent 4,851,304). This type of ES is shown 
as a cross-section in Fig. 2. Carbon fibers 10 are aligned mainly in planar direction; 
carbonised binder particles 11 contribute to the mechanical stability of the ES. Carbonisable 
binder in this context means a binder, usually a binder resin which cross-links imder the 
action of heat, that can be converted to elemental carbon in a high yield when heated for a 

35 prolonged time, i. e. more than 5 minutes up to several hours, above the decomposition 
temperature ^dth the exclusion of oxygen or oxidising gases. This expensive batch-process 
yields ES with poor mechanical properties. 
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WO 98/27606 relateSPa process for filling carbon fiber pape^md polymer substrates 
having low through-plane conductivity with conductive materials. The ES resulting from 
this procedure still lack a high through-plane conductivity and have a low porosity because 
the pores of the starting materials have to be filled with a high fraction of conductive 



Woven carbon cloth can be utilised as ES base material, but it is expensive and restricts the 
options to reduce the ES thickness. Metal fibers suitable for fuel cell ES are expensive since 
they need to be oxidation and corrosion resistant, and therefore must be selected from the 
10 noble metals such as platinum, iridium, rhodium, or osmium. 

Consequently, what is required is a low-cost ES with high porosity as well as through-plane 
conductivity which is manufactured using an industrial scale continuous production process. 

15 Summary of the Invention 

According to the present invention, electrode substrates for electrochemical cells, more 
specifically for fuel cells, with high porosity and good electrical conductivity and methods 
for their manufacture are disclosed. The electrode substrates comprise a carbonised or 
20 graphitised fiber (also often referred to as "graphite fiber") web structure with a high electric 
through-plane conductivity, said web structure being covered and filled with impregnation 
agent, and optionally, with chemically inert and conductive particles. 

The ES described in this invention are made from conductive preformed web structures 
25 based on graphitised fibers that preferably have a through-plane conductivity of more than 1 
S/cm, more preferably 6 S/cm or more, and especially preferred in excess of 6.4 S/cm.. 
Through-plane conductivity is determined as described in WO 98/27606, which is herein 
incorporated by reference. 

30 The ratio of through-plane conductivity to in-pl£me conductivity of the ES according to this 
invention is usually at least 0.25, preferably more than 0.42, and especially preferred more 
than 0.66. In-plane conductivity can be measured by a similar method, wherein two pairs of 
contact blocks are pressed on an ES material, and a current of 3 Ampere is applied between 
the two pairs of contact blocks. In-plane conductivity is then calculated from the voltage 

35 drop between the two pairs of blocks, the applied current, and the cross-section of the 
substrate and the distance between the two pairs of blocks. 
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The web is characteris^Ry a high fraction of graphitised fibers being oriented not in planar 
direction. Graphitised fibers are highly anisotropic, thus their conductivity along the fiber 
axis is superior to the conductivity perpendicular to the fiber axis. Therefore, a high fraction 
of graphitised fibers with non-planar orientation in a web structure results in a high through- 
plane conductivity. Such web structures comprise, but are not limited to, woven cloth, 
needled felt, hydroentangled non-woven, and knitted fabric. High fraction in this context 
means at least 20 per cent, preferably, at least 30 %, and most preferred, more than 40 % of 
all graphitised fibers. Such a web structure is shown in Fig. 3. The graphitised fibers 10 form 
a web which imparts the preferential orientation to the fibers. 



The current method to manufacture such graphitised fiber based web structures is to use 
oxidised polyacrylonitrile (PAN) fibers followed by graphitisation in batch or continuous 
furnaces. The utilisation of carbon fibers for manufacturing such structures is prevented by 
the high stiffness of carbon fibers. Even forming such web structures from oxidised PAN 
15 fibers results in low manufacturing speed and relatively high scrap rates because these fibers 
are also difficult to process because of their mechanical properties. 

A method to circumvent these problems is the highly efficient production of such web 
structures directly from PAN fibers, such as Dolanit® 12-based PAN fibers, which are then 
20 treated in a continuous oxidation furnace as described in US Patents 3,914,960 and US 
5,853,429, followed by a graphitisation step. This entire process is very cost effective and 
yields a uniform continuous material. 

The web structures need to be processed further, in order to adjust their porous structure, 
25 bending stiffness, thickness and other desired final properties. 

For this purpose, the web structure is impregnated with a liquid which may contain 
chemically inert and electrically conductive particles. Those impregnated conductive web 
structures are calendered to adjust the final thickness and the material homogeneity. During 
30 this step, the calendered material is heated and dried. 

In another embodiment of this invention, the calendering step is followed by a final heat 
treatment. The conditions of this final heat treatment procedure are determined by the final 
ES properties. Fig. 4 is a cross-section of such an impregnated web structure according to 
35 this invention. The graphitised fibers 10 forming the web structure are mainly aligned 
perpendicular to the planar direction (the horizontal axis in this figure) and are enclosed by 
the impregnation agent 12 and optionally the chemically inert and electrically conductive 
particles. The pores 13 are still large and their size and shape are adjustable according to the 
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The process according to the invention yields a roll of low-cost ES with final properties 
superior to the prior art products. Such ES rolls can be used for subsequent fuel cell 
5 electrode manufacturing steps on industrial scale. 

The foregoing and other features and advantages of the present invention will become more 
apparent from the following description. 

10 Brief Description of the Drawings 

Fig. 1 is an exploded side view of a single cell showing the structure of a phosphoric acid, or 
a membrane, fuel cell, viz., a flat plate electrode fuel cell where the electrode substrate of the 
present invention can be applied. 

15 

Fig. 2 is a prior art side view (cross-section) of a carbon fiber ES, where the carbon fibers 
are mainly aligned in planar direction. 

Fig. 3 is a side view (cross-section) of a conductive graphitised fiber web structure according 
20 to this invention. 

Fig. 4 is a side view (cross-section) of an ES according to this invention. 

Fig. 5 is a side view (cross-section) of an ES with a pore size gradient according to this 
25 invention. 

Fig. 6 is a side view (cross-section) of an ES with a property gradient perpendicular to the 
planar direction according to this invention. 

30 All cross-sections (Fig. 2 through 6) have the plane of the ES parallel to the horizontal axis. 

Detailed Description 

In one embodiment of the web structure, a hydroentangled non-woven made from oxidised 
35 PAN fibers, such as ®PANOX fibers from SGL CARBON, is employed. 

In another embodiment of this invention, the web structure is formed by a felt needling 
process employing oxidised PAN fibers. 
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In a further embodiment of the web structure, a woven cloth based on oxidised PAN fibers is 
used. 



5 In one embodiment of the ES production process, web structures made from PAN fibers are 
treated in a continuous oxidation furnace as described in US Patents 3,914,960 and 
5,853,429. This process can be referred to as 'T)irect Oxidation Process" (DOP). 

The PAN based web structures are heat treated in an oxidising air atmosphere at 200 to 
10 350 ° C under tension. Tension is required to achieve better mechanical properties of the 
oxidised product as well as to prevent high shrinkage of the material during the DOP. 



In the next step according to this invention, either web structure made from oxidised PAN 
fibers or web structures resulting from DOP are graphitised to achieve a high through-plane 
15 conductivity. The graphitisation furnace can be a batch furnace, but preferably a continuous- 
processing furnace with a graphite muffle is employed. Under inert gas atmosphere, the web 
structure is treated at temperatures between 1500 to 2500 ^ C, most preferably between 1650 
to 2000 ° C. 

20 Such graphitised web structures as shown in Fig. 3 are characterised by high through-plane 
conductivity of more than 1 S/cm, preferably between 6 and 10 S/cm and porosity ranging 
from 80% to 95%, preferably 85 to 90%. The mean pore sizes (diameter) of such web 
structures can be found in the range from 75 ^m to 500 |im. Porosity is defined here as the 
ratio of pore volume to total volume, measured in per cent. 

25 

The graphitised web structures are subsequently impregnated with an impregnation agent or 
a mixture of an impregnation agent with chemically inert and electrically conductive 
particles. 

30 In one embodiment of this invention, the impregnation agent is a liquid solution or 
dispersion of a thermoplastic resin which comprises, but is not limited to, polyethylene, 
polypropylene, amorphous thermoplastic copolymers made from ethylene, propylene or 
mixtures thereof with cyclic or polycyclic olefins such as norbomene and ethylidene 
norbomene, polyphenylene sulphide, polystyrene, ABS (thermoplastic acrylonitrile 

35 butadiene styrene terpolymers), styrene maleic anhydride copolymers, and partially 
fluorinated resins such as PVDF, ethylene tetrafluoroethylene copolymers, and the like. In 
another embodiment this impregnation agent can be a thermoset resin like phenolic resins, 
furane resins, or epoxy resins. Most preferred are such resins that have a high mass fraction 
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least 30 per cent, preferably 40 percent, and most preferred at least 50 percent of aromatic 
moieties. Solutions of such thermoset resins, or solutions of non-cross-linked precursors of 
such thermoset resins may also be employed. 

In a further embodiment the impregnation agent can be a carbonisable material such as, but 
not limited to, coal tar pitch, petroleimi pitch, tall pitch or wood pitch, or a solution thereof 
in an appropriate solvent. 

Optionally, chemically inert and conductive particles can be added to the impregnation agent 
for adjusting the viscosity of the impregnation mixture and for adjusting certain properties of 
the final ES such as the microporous structure, in-plane conductivity, contact resistance, and 
mechanical strength. Among the particles that can be added to the impregnation agent, 
mention is made of graphitic materials, such as graphitised fibers, graphite nanofibers, 
graphite flakes, graphite powders, metal carbide materials such as metal carbide powders, 
metal carbide fibers, and metal carbide nanofibers, which lists are not exhaustive, and serve 
for illustration only. 

In accordance with the present invention, the amoimt of impregnation agent, additional 
particles, and impregnation mixture applied to the web structure depends on the nature of the 
used agents and particles, on the impregnated web structure as well as on the desired 
properties, of the final ES. Generally, the ratio of the mass of the impregnation agent or 
impregnation mixture to the mass of the web structure may be from 5 : 100 to 400 : 100, 
preferably fi-om 10 : 100 to 300 : 100, most preferred firom 25 : 100 to 250 : 100. 

The impregnation agent or the impregnation mixture can be applied by various techniques. 
Such techniques include, but are not limited to, transfer coating, roller coating, dipping, 
doctor-blade techniques, and spraying. 

In one embodiment of this process, the impregnation agent or impregnation mixture is 
applied single-sided only resulting in a porous structure with a gradient. Such a structure is 
shown as a cross-section in Fig. 5. Single-sided in this context means that the impregnating 
agent is applied to the web structure on one side only (the bottom side in the structure as 
depicted in Fig. 5), usually resulting in a non-homogeneous saturation of the web with the 
impregnating agent, with the region opposite to the side where the impregnating agent had 
been administered has a lower content of impregnating agent, and therefore, a higher fraction 
of open or imfilled pores. Such a gradient pore structure facilitates a better reactant 
distribution to the catalyst layer. It has been found that the pores of such single-side 
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impregnated structureMave a cone-like shape. This is illustrated i^ig. 5, where a web of 
graphitised fibers 10 has been impregnated, the impregnating agent having been 
administered from the bottom side of the web only. The impregnating agent 12 (or its 
carbonised residues) is concentrated in the lower part of the cross-section, leading to 
5 formation of small pores 15 in the bottom region of the ES, while larger pores 14 are formed 
in the upper regions of the ES, where less impregnation agent has penetrated. 

Another embodiment of this process comprises a simultaneous double-sided impregnation 
process by using different impregnation agents or impregnation mixtures for the opposite 

10 (top and bottom) faces of the web structure. This procedure can be required for imparting 
different properties into the top and bottom faces of the ES such as, but not limited to, 
surface roughness, pore size, microporosity, water contact angle, and capillarity. The result 
of such impregnation method is shown in Fig. 6, where the web of graphitised fibers 10 has 
regions where only impregnation agent I (administered from the top face) has penetrated and 

15 formed a porous layer 16, whereas impregnation agent II which had been administered from 
the bottom face has only penetrated the lower region and formed another porous layer 17. As 
in Fig. 5, the individual pores formed have a conical structure, the narrow region being 
adjacent to the side from where the impregnation agent has been applied. 

20 In a fiirther embodiment of the impregnation process, the top and bottom face of the web 
structure may be impregnated by two subsequent steps. 

If such an ES is cut perpendicularly to the planes, a property gradient perpendicular to the 
planar direction can be detected which results from using different impregnation agents or 
25 impregnation mixtures for the top and bottom side of the ES. This fact is illustrated in Fig. 6 
(see above). The gradient is govemed by the diffusion velocity of the impregnating agents 
within the porous web structure. If the impregnating agents also comprise particulate fillers, 
a filtration effect may be added if the pore size is not considerably larger than (more than 
twice the size of) the filler particles. 

30 

Following the impregnation, the web structure is submitted to a calendering step. The 
compression force is adjusted to the amount and nature of impregnation agent, additional 
particles, and impregnation mixture and also depends on the impregnated web structure as 
well as on the desired properties of the final ES. In general, during the calendering step the 
35 impregnated web structure is subjected to a compression force resulting in a thickness 
reduction between 2 to 15%, preferably 5 to 10%. 

During the calendering step, the web structure is submitted to elevated temperatures. If the 
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applied temperatures nl^e between 30 and 250 C, the web structure is usually heated 
within the calender itself. If temperatures up to 500 ° C are required, additional heaters are 
utilised. Such heaters may be, but are not limited to, IR-heaters, electrical resistance heaters, 
and hot gas blowers. The temperatures applied during the calendering step are preferably 
selected to dry the impregnated material, melt or cure the impregnation agent and to keep the 
calendered material at the desired final thickness. 



Another embodiment of this invention comprises a final heat treatment step. This step may 
be required for achieving certain ES properties. Such a final heat treatment step can be 
10 applied when the impregnation agent is a carbonisable material, such as a thermoset resin or 
pitch. This final heat treatment is carried out in a continuous-processing fiimace with a 
ceramic muffle under nitrogen atmosphere approximately at firom 500 to 1200** C. 

All ES manufacturing processes described in this invention can be carried out in an 
15 industrial scale thus providing a low-cost product. Furthermore, ES manufactured by the 
methods described here have a sufficiently low bending stifihess allowing winding and take- 
up on reels, and fiirther processing as roll-material without compromising mechanical 
properties required for such industrial scale processing steps. 

20 While particular materials, processes and embodiments of this invention have been 
described, this description is not meant to be construed in a limiting sense. It is understood 
that various modifications of the preferred embodiments, as well as additional embodiments 
of the invention, will be apparent to those skilled in the art upon reference of this description 
without departing fi*om the spirit and scope of the invention, as defined in the following 

25 claims. It is therefore contemplated by the appended claims to cover any such modifications 
or embodiments that fall within the true spirit and scope of the invention. 
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Fig. 1 exploded side view of a phosphoric acid or membrane fuel cell 
Fig, 2 side view (crossrsection) of a carbon fiber ES 

Fig. 3 side view (cross-section) of a conductive graphitised fiber web structure 

Fig. 4 side view (cross-section) of an impregnated graphitised fiber web structure 

Fig- 5 side view (cross-section) of an impregnated graphitised fiber web structure with a 
pore size gradient 

Fig. 6 side view (cross-section) of an impregnated graphitised fiber web structure with a 
property gradient 
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1. An electrode substrate for an electrochemical cell, said substrate comprising a 
graphitised fiber web structure with high electrical through-plane conductivity of more than 
1 S/cm, said web structure being covered and filled with impregnation agent and optionally 
with chemically inert and conductive particles. 

2. The electrode substrate according to claim 1, wherein said web structures are 
characterised by a fraction of at least 20 % of graphitised fibers being oriented not in planar 
direction. 

3. The electrode substrate of claim 1 , wherein the ratio of the through-plane 
conductivity to the in-plane conductivity is at least 0,25. 

4. The electrode substrate according to claim 1 , said web having a porosity ranging 
from 80 % to 95 %. 

5. The electrode substrate according to claim 1, said web having pore sizes between 
from 75 ^im to 500 jim. 

6. The electrode substrate according to claim 1, wherein said web structure is a woven 
cloth. 

7. The electrode substrate according to claim 1, wherein said web structure is a needled 
felt. 

8. The electrode substrate according to claim 1, wherein said web structure is a 
hydroentangled non-woven. 

9. The electrode substrate according to claim 1, wherein said web structure is a knitted 
fabric. 
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10. The electrode SBRrate according to claim 1, wherein said i^^gnation agent 
comprises a solution or dispersion of a thermoplastic resin. 



11. The electrode substrate according to claim 1, wherein said impregnation agent 
comprises a solution or dispersion of a partially fluorinated resin. 

12. The electrode substrate according to claim 1, wherein said impregnation agent 
comprises pitch. 

13. The electrode substrate according to claim 1, wherein said with chemically inert and 
conductive particles comprise graphitic materials. 

14. The electrode substrate according to claim 1 , wherein said with chemically inert and 
conductive particles comprise metal carbide materials. 

15. A process for producing an electrode substrate according to claim 1, said process 
comprising graphitisation of a fiber web stmcture based on oxidised PAN fibers under inert 
gas atmosphere at temperatures between 1500 to 2500 C. 

16. A process for producing an electrode substrate according to claim 1, said process 
comprising treating a web structure made fi-om PAN fibers in an oxidising air atmosphere at 
200 to 350 C under tension followed by graphitisation under inert gas atmosphere between 
1500 to 2500 

17. A process for producing an electrode substrate according to claim 1, said process 
comprising impregnation and calendering of a graphitised fiber web structure. 

18. The process of claim 17 wherein the ratio of the mass of the impregnation agent or 
impregnation mixture to the mass of the web structure is from 5 : 100 to 400 : 100. 

19. The process of claim 1 7 wherein the impregnation agent or impregnation mixture is 
applied single-sided resulting in a porous structure with a gradient. 
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20. The process of claim 17 wherein a simultaneous double-sided impregnation process 
is applied by using different impregnation agents or impregnation mixtures for the top and 
bottom face of the web structure. 



21 . The process of claim 1 7 wherein the top and bottom face of the web structure are 
impregnated by two subsequent steps, 

22. The process of claim 17 wherein the calendering step results in a thickness reduction 
of the impregnated web structure of between 2 and 15%. 

23. The process of claim 17 wherein the impregnated web structure is submitted to 
elevated temperatures during the calendering step. 

24. The process of claim 1 7 wherein the impregnated web structure is heated by the 
calender itself in the temperature range between 30 to 250 ° C. 

25. The process of claim 17 wherein the impregnated web structure is heated by external 
heaters, and temperatures from 250 to 500 ^'C are applied. 

26. A process for producing an electrode substrate according to claim 1 which comprises 
the process of claim 17 and an additional final heat treatment step. 

27. The process of claim 26 wherein the final heat treatment step is carried out in a 
continuous-processing furnace with a ceramic muffle under nitrogen atmosphere at 500 to 
1200 ^C. 
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